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Newman has developed a linearized thecry for the
mctions of a slender kodv of revolution, with vertical axis,
which is floating in the presence of regular wavas. In the
present paper a series «f experimental investigations were
made and compared with Newman's thecry. Experimental
measurements of motions were made in regular and irregqular
long crested waves. Pressyres at several locations on the
models vere also measured And compared with the theory.

The mearurements cf motio.s give excellent agreement with
theory for siender body. An extended formula was developed
for hea’e motion for small slenderrsss ratio cf the body.
The theoretical predicticn for pressure on the bndy also
was found to give excellent agreement with the experimentai
reasurement except near the free surface. Observation of
vortex generation was made by electrolysis.
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NOMENCLATURE

incident wave amnlitude
frequency of oscillations (cps)
acceleration of gravity

moment of inert+ia of buov in nitch about the
center of gravity

buov draft
wave number /g

radius of gvration ]i;;—

buov mass

added mass of buov in heave motion
pressure

Pé3A

(]
%L(K‘Zg)ﬂ S(i;dz (N=t,2)

‘%5:(2‘26)“ S®ede (m=3. 1)
Section arsA of buoy

m’

m

cartasian coordinate svstem
position of center of gravitv of bucv
vertical prismatic coefficient
Aensitv of £luiA

velocity notential

heave displacement of buov

surge disclacement of buov

pitch angle of buoy

circular frequency of oscillations

natural period (sec.)

iv




damping coefficient, for examole, Y& +2XY+R§ =0
non-dimensional damping coefficient
natural angular frequency

the KH value for natural frequency
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1. INTRODUCTIGIY

The innarent stability of slender poles rfloating with
{ the long axzis usprignt has long been recognized. Utiiization
of this principie has rangzd from simple wave poles to more
complex oil drilling platforms. The concept has also been
applied in the design of stable, floating platfoims, called

"spar buoys," empicyed in oceancgraptic research.

The ccnstruction of a spar bucy was proposed by Fisher
and Spiess and reached fruition with the delivery of FLIP(3)
(Floating Instrument Platform) to the Scripps Institution
in 1962. The original intent was to provide a stable platform
from which mid-ocean acoustical experiments could be performed.
Of course, the scope of potent£a1 investigations in the field

¢~ ~veanography which require a stable platform is very broad,

che utilization of "srar buoys” for various experiments

should continue to increase in the future.

Besides FLIP, there are three orher "spar buoys" in
existence. One is called SPAR(4) iSeagoing Platform for
Acoustical Research) and is operated by the Navy in the
Atlantic. Another "spar buoy" is operated by the Musee Ocea-
nographique in the Mediterranean. The most recent addition
to the growing fleet of "spar buoys" is calied POP(S) (Perpen-
dicular Ocean Platform) which is operated by General Motors
from Santa Barbara, California.

The interest generated by FLIP has led a few investigators
to develop theories for the prediction of the forces acting
on the bggy in the upright direction and the motions excited
by waves. These theories, when practically applied, have great
value not only from the standpcint of design of future spar
buoys, kut also for utilization in oceanographic experiments
when it is necessary to remove errors introduced into collected
data by buoy motions.
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In 1963, Newman(l), published his linearized theorv on the
motions of "spar buoys." Newman's paper served as the stimulus
for the present investigation. It was used in the development
of theoretical predictions for the pressures acting on a buoy
in waves and for predicting the motions of a buoy excited by
waves. Another method for the prediction .f "spar buoy" motions
was proposed by Rudnick‘Z) end may be viewed as a simplified
approach to the problem that leads to essentially the same

predicted values of the motions as Newman's theory.

The goals of the present investigation are divided into
two major categories; theoretical and experimental. The
theoretical portion included a search for methods of predicting
the exciting forces and moticns ot a "spar buoy” in waves,
Arter this was completed, a method, based on the use of a
digital computer, was develored for applving these theories
to a "spar buoy" of arbitrary 4dimersions.

The exper:mental phase of the work was then to evaluate

the merits of the theories. For this puirpose a series of models

of various slenderress ratios (draft/radius) and bottom __
configurations (flat or conical bottom) was constructed. This
permitted a -areful appraisal of the limits of applicability
of the linearized assumptions made by Kewman. It was found
that the agreement between theory and experiment was excellent
for slenderness ratios greater than about seventeen. However,
as expected, a modificaticon of the theory acccunting for added

mass in heave was necessary for slenderness ratios lower than
seventeen,




II. THEORETICAL BACKGROUND AND COMPUTER PROGRAM

1. Newman's Theory

Newman approaches the problem on the basis of the classical,
inviscid motion theory. He seeks a velocity potential, ¢(f1.1,z.t)
which satisfies Lavlace's equation suriect to the following

boundary conditions:

1. The kinematic boundary ccaditicn on the body.
2. The free surface boundary condition.

3. Tne radiation condition.

In deriving the hydrodynamic forces and moments acting on
the body, it is assumed that the incident waves and the
oscillations of the body are small, and the body is slender.
Th2 analysis with only first order terms in the body's diameter

: leads to undamped resonance oscillations of infinite amplitude.

To analyze motions near resonance, it is necessary to introduce

e on

damping forces which are of second order with respect to the

dizmeter-length ratio.

Cx oW gt

Adopting the nomenclature of Newman's report(l)

, the
amplitude of waves, heave, pitch, and surge will be described
by A, g,-‘/,-' § respectively (Figure 1 portrays the coordinate

system) Denoting:
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Solutions of Newman's undamped equations of motion are:

¢ = A H—:%i—:%&’] sin ot (1)

=2A[ﬁ€li 8B s

t (2)
TEXTS "*iAk) 'Pz ] ¢os @

¥t =ZA[ 2@, 28 } ¢os wt

2(R + 1o BT )

From these equations it is seen that rescnance occurs in
heave when

U
K=ah

in pitch and surge when

— P
K g“’Kyz‘i‘ﬁz

Newman proceeds with his analysis to compute a damping term
and includes it in a set of damped equations of motion. The
so.ution of this set of equations and the solution of the equations
of the extension of Newman's theory tc bodies of small slenderness

ratio "have been obtained and included in the computer program for
the evaluation =f the motiorns.

The solutions of the damped equations of motion are extremely
cumbersome and are not of practical importance because computational
experience has shown them to be unnecessary for the configurztions

examined except in a very narrow region near the resonant frequency.

1 defined as the ratio of draft to mean radius of the body.
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Solutions of Newman's damped eguations of motion are:

where

¢ = A (1 - X KHQ) .
(0-XKHP +[5 T 0-XKHEP T}

— -—-d—’———- sin (wt +8)

S = @aad)X P

F= G Hn D
¢ 3 0

h— TAKC[28& R TR - RO c28 ]
b = §F 20+ szk‘z“rz

Zﬁ (‘-?a Qo + 2&!)

&,
Il

d = 2- DK+ "'y‘)—?.z

dy = 3’-‘?7(- K3 [2?. L, ‘-&gz(?; - ?)‘k + sz) —ZQII]

ds — ZA [?;Ql ‘Qo(%"%"'xfz)]

d = ta‘n-‘{ - _ﬁ%(l-xKH&o)z }
2¢ XK (1-XKH)

po=tm (7

b
1 = b (55

sint+d) (4)

(6)
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It should be noted that this theory as well as the presen-
tation of Rudnick's theory(Z)described later in this chapter deal
with bodies of revolution which move only in one plane (i.e., only

three degree of freedom; heave, pitchk, surge).

2. Extension of Newman's Theory to Bodies of Small Slenderness
Ratio

The formula in the preceding section do not include heave
added mass. This is a consequence of utilizing the slender body
theory in the sclution of the potential problem. As the model
deviates from the slender body assumption made in Newman's theory,
a modification is necessary.

In order to extend Newman's theory wo include cases of small
slenderness ratio added mass and viscous damping terms should be
included in the equation of motion. The primary effect of the
heave added mass term is to shift the resonant frequency, while
viscous damping tends to decrease the amplitude of the response
of the motion (i.e., to change the magnification factor).

Since the damping is small in either case, the effect on
body motions in a vreslistic seaway will be more strongly influenced
by changes in the natural frequency. Therefore, the viscous
damping was not taken into account. As a referance, the measured
total damping, which is t!e sum of the viscous damping and the
damping due to the energy dissipation through waves, is given in
Talkle 2 in non-dimensional form.

In order to incorporate heave added mass into the equations
of motion, we first define two new added mass coefficients as

follows:
ml
S=ar
Nem' 145
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It is well know that the added mass coefficient is a function
of not only the geometry of the body but also of the frequency
of the motion. In order to find an approxiwmate value of this
acdded mzss cozfficient as a function of the slenderness ratio,
free oscillation experiments wers mace with several models
representing a considerable range of slenderness ratio. The

results of these experiments are piotted in Figure 5.

The mocdified heave motion includiang the akove heave added
mass 1is

Geilhid 5

frmbypristismang v ilovrat i

§A (1= XKAG)
{G-xkW? +(F ¢ B a-xunar )}

s
i

sin(@t-«) (7
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;o 3. Rudnick's Theory

i Rudnick approaches the problem by considering the three
major contributors to the total force system acting on the buoy.
These are the forces associated with the mass of the buoy, the

hydrodynamic accelerations, and hydrodynamic response to transverse

S e paea

acceler-tions. Summation of the forces and moments yieids one
vector equation for forces and one for moments. Taking the com-
ponents and performing the requisite integrations leads to the
equations of motior. For purposes of comparison of the two
methods, Rudnick's solctions are presented here in terms of the

same set of variables as used in Newman's theory. The solutions
are:
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S=A 1~XKHQo] sin ot (7)

1-XKH
§= A&o cos ot (8)
b=4p 260 ~R & cos ok (9)

) )
Rk -
Resonance in heave occurs when:

1
in pitch when:
K 1]
?;*Kf’

and there is no surge resoaance.

4. Computer Program

A digital computer pr.,cam was written in the FORTRAN IV
language for evaluating the theoretical predictions of buoy mecticns.
A listing is given in Appendix

The integrations involved in evaluating the coefficients B ,
P , Q . and Q, may be performed easily for several possible
shapes of the buoy (i.e., cylinderical, conical)., These integrations
may then be stored in subprograms in the form of an equation for
the inuefinite integral (one subroutine for each possible shape).

we
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Any possicle underwater configuration of a buoy may then
be broken into a series of cylindrical and conical segments.
The sementation of the buoy is read into ‘he main program along
with the other data on the density of the water, che weight of
the buoy, and its dimensious. The main program then calls on
the subprograms to evaluate B, P, ,Q, , s for each segment of
the buoy and sums the results from each subprogram to obtain
the overall value. Zor the buoy. Once these values are foung,
the evaluaticn of equations (1) through (9) for the motions is
a simple matter. The actual operation of the program is depicted
in a flow chart shown schematically in Figure 32.
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III. EXPERIMENTAL TECHNIQUE

The constraction of models and experimental technigques are
described in this chapter. Pitch, heave, and surge pressures
and the vortex generation around the model were observed or
measured. Tour methods were used in different experiments to
measure the model motion. Pressure gages were introduced to
measure the pressure on the model and electrolysis was introduced
in order to visualize the flow around the model. They are ex-
plained in detail in each section.

1. Models

Four models of different diamzters were made of aluminum
pipe. Each has two bottom attachments. One is a flat disk
and the other is a circular cone shape with a fixed height of
three inches to fit into the pipe. Therefore the family incor-
porates systematic variation in transverse dimensions only,

The construction of models is illustrated in Figure 2 and

their dimensions and characteristics in Table 1. The measurements
performed in each case is also described in the table.

2. HMultiple Flash Photograph Technique

This method employs a camera used for taking still photo-
graphs. The camera was mouited on a set of rails about four
feet long and placed parallel tc the towing tank so that a
picture could be taken through the glass panel at the side
of the tank. A black background cloth was placed on the opposite
side of the tank, and the model was also painted black with white
identification stripes. During the test the entire tank area was
from the stroboscopic light directed at the model and set to flash

at intervals cf one-tenth of a second.
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A test would consist of the following steps:

1. The model was positioned and waves generated.

2. All ligbh* were shut off and the stroboscopic light was
switchea on.

3. The shutter of the camera was opened and it was slid
along the rails.

Wha2n the camera had moved past one panel of tnhe window
tae shutter was closed (about 2-3 seconds).

The film used was a pelaroid film which produces both a

positive and a negative. The positive could be viewed immediately

and the results either accepted or rejected after each test.

If the results were satisfactory a large scale print was made
from the negative.

The motion measurements obtained by using this technique

were found to have a great deal of scatter. 1In addition the

limited exposure time permitted only about one and one-half

periods of the motion to be recorded. It was, therefore difficult

to obtain a dependabie average of the amplitude of motion and,
consecuently, the method was discarded.

3. Motion Transducer Technique

In order to facilitate the evaluation of results as well as
to record several cycles of motion, it was felt that an electricai

measuring device with itsoutput led to a chart recorder would

be desirable. Data gathered by this technique could be viewed

immediately and would provide a record over many periods of

motion. In this was extra..cous motions could be eliminated

leaving only "steady state" values.

A "constant thrust" gravity dynamometer was available in
the laboratory and had previously been used for towing ship models
in head seas. This device was too heavy for the needs of the

present experiments, however, so a new design was prepared and
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constructed attempting to minimize both weight the friction of
moving parts, Figure 4 is a schematic drawing of the motion
transducer. A description of this instrument is as follows.

A set of rails was fixed in the direction of propagation of
the waves. A light weight subcarriage was mounted on the rails
and connected by a wire and pullev to a potentiometer so as to
sense surge translations of the model. Four ball bushings were
mounted in the subcarriage holding two vertical guide rods which,
in turn, are attached to the buoy model through a pitch pivot at
their lower end. Wire, a pulley, and a potentiometer system is
incorporated between the vertical rods and the subcarriage to
measure the heave motion. The pitch motion is sensed by a potertio-
meter gear driven from the pitch pivot.

There are two drawbacks in this device which limited its
successful application. They both arise from the tact that the
models are long and slender, thus, the mechanical connection to
the model must be at the top. When the model rotates about its
center of gravity both rotation aktout the pitch pivot and surge
translation of this point, therefore of the subcarriage result.

The friction in the subcarriage therefore introduces a great deal
of external pitch damping and at the same time the mass of the
subcarriage increases the effective moment of inertia of the system.
A correction for tinese effects is shown in Figure 7.

The second detrimental effect is that tangential motion at
pin due to pitch mo:ions must be subtracted from the recorded
horizontal translations in order to obtain the true surge at the
center of gravity of the model. Since these terms are often of
similar magnitude the errors introduced into the measured values
of true surge may represent a substantial percentage.
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4. motion Picture Technigue

Experimentally this is the simplest technique employed in
tnis work. A 16 MM movie camera is set to shoot througi the
glass panel in the tank wall. A clock and vertical reference
line are placed in the center of the tank so that they will be
within each frame. The model is left free and positioned so
that it will not drift out of the frame of the picture during
the run. For length measurement a reference scale is marked

c. the model thus alleviating parallex error.

The advantage of this method is that the model remains un-
encumbered with any device capable of disquising the actual
motions. The major disadvantage lies in evaluating the results.
To say the least it is a time consuming and most arduous duty.
Nevertheless, it remains one of the most accurate and successful
technigues of measuring the true buoy motions. It was, therefore,
used as a "standard” for evaluating the accuracy cf other methods,

5. Accelerometers and Rate Gyro Tecihnique

A. Instruments and Experimental Procedure

In the last two models (i.e., Model No. 3.4) two seismic
accelerometers oriented to sense heave and surge moticns
and one rate gyro-scope were installed. To facilitate
installation of thsse instruments, they were packaged in
an instrument module. This module was then placed in the
models.

These instruments are:

Accelerometers;

(for heave) - Statham Lab. Model No, f-~2-350,

11 V max + 2¢C




(for surge! Statham Lab. Model No. c-1-350,

9 V max + 1G

Rate Gyro ;

(for pitch)

U.S. TIME Model No. 49, 07-90023,

40 V. Max. Out at 40 Deg/sec.

In this experiment the rodel was restrained only to
prevent it from rotating about its vertical axis of revo-
lution. This was necessary in order to maintain orientation
of the pitch gyro and surge accelerometer. Two light alu-
minum st.uts were installed to project upwards on too of
the model. The model was positioned in the tank so that
these struts were restained between two horizontal, parallel
stainless steel rods mounted longitudinally on the carriage
in the center of the towing tank. These restraining rods
were well lubricated before zach experiment. The instrument
leads from' the measuring instruments in the mcde¢l were made
from light weight phonograph arm wire and were loosely hung
on the carriage to permit the model to move freely in the
direction of propagaticn of the waves,

It was initially attempted to double integrate the
acceleraticn signals to get the corresponding displacements
of motion by using series operational amplifiers connected
as integrators. The final value was found to contain large
errors as a result of drift and noise in the integrators,
so this method was given up. It was however found satisfactory
to integrate the angular velocity output from the rate gyro
to obtain the pitch displacement signal. The accelerations -
the signals of the accelerometers - and the angular displace-
ment cobtained by integrating the gyroscope output as well as

the wave amplitude were recorded on a strip chart recorder.
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Instead of twic > integrating the heave and surge
accelerations the motion was assumed to be sinusoidal.
In this case, acceleration is related to displarement
by the following relationship,

X =-JSw S) = — 2 5@

In each experiment the average of the frequency of

the acceleration was obtained through several measurements
of accelerations recorded on the chart paper. It is
obviously not valid to use the above relation when the
motion is no longer sinusoidal. However, it is also
observed, as we expected from the standpoint of the
shallow water thecry, that the longer the waves the more
the deviation from the sinusoidal waves. It was nct
considered important to investigate the responses of the

¢ motion in long waves of which the wave length is greater
than fifty feet since this kind of wave is beyond the expected
range of large model motion. For shorter waves the motion
was found to be nearly sinusoidal and this relationship
could be used.

In order to obtain the pure (true) heave from the
measured heave motion a correction should be applied for
the effect of pitch. However, since this correction varies
as one minus the cosine squared of the pitch angle it may
usually be neglected. In the present case the maximum
value of the effect of the pitck on heave was only about
3 to 4 per cent of the measured heave motion. On the other
hand, the effect of the pitch on the surge acceleration
measured by the surge accelerometer was about 90 per cent
of the measured value. This was felt to completely obscure
the true surge motion and consequently, surge was not
evaluated by this technique.
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B. Irregular Waves

Irregular waves are generated in the tark by means of
a hydraulically driven wave maker in which the length of
stroke of the wave maker paddle is controlled by a servo-
mechanism in response to a signa.: recorded on magnetic tape.
Using a stock input tape, the time scale may be adjusted
by adjusting the speed of the tepe recorder and the amplitude
of the stroke by adjusting the gain of the servoamplifier.

The random waves were sented by a resistance typz wave
probe and recorded in both digital form on magnetic tape
und in analogue form on a strip chart recorder. The model
notions were recorded in similar fashion.

The digital recorder has the capability of sampling up
to sixteen input channels at a rate of one hundred samples
per seccnd. In our experiient a total of five channels were
used including one empty channel to record angular displace-
ment of pitch motion, heave acceleration, surge acceleration,
incident wave aplitude, and the fifth channel was empty as a
marker.

Only one model condition, the third model with conical
bottom, was chosen for experiments in irreqular waves. The
wave spectra used were chosen such that their characteristic
frequencies were close to the natural fregquency of the model.

The spectra of the random waves are shown in Figure 15.

In regular waves the effect of the pitch motion on the
heave accelerometer was neglected as mentioned in the pre-
ceding subsection, but this effect can not be neglected ir
the experiment among irreqular waves. For the pitch motion
is no lcnger harmonic sinuscidal and the effect of the pitch
motion on the heave accelerumeter is not negligible. This
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correction could be done similarly by the transformation
of the coordinate system.

Once the input (wave) and output (true motion response:
are obtained the transfer function of the system of the
motion can be found. As output, the true heave acceleration
and angular displacement of pitch motion were used, and as
input the wave. A standard spectral analysis computer
program was used for this purpose. In crier to compare
with this experimental result in irregular waves, the
extended form of Newman's theory was used as for a

theoretical prediction of the response amplitude operator.

c. Calibration and Wave Measuring Device

To calibrate the accelerometers and intecrated rate
gyro output, a static method of calibration was applied
to the instrument module by displacing it through a known
angle. The angula:r output was thus calibrated directly
and the apparent acceleration sensed by the accelerometers

was gravity times the sine or cosine of the angle of in-
clination.

The waves were measured by an electric resistance wave
probe. This device consists of a probe passing through
3 the water surface and a bare ground wire on the tank bottom.
3 The electrical resistance between the probe and ground is
3 found to be very linearly with the wetted lengch of the

probe. A Wheatstone bridge is used to detect this resistance
change.
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6. ressure Measurement

To measure the pressure samplzs on the model two pressure
gauges were installed on ihe mcdel surface of the third model
with the cone shaped bottom after the model as illustrated in
Figure 3. One gauge is located near the water surface and the

other is located near the bottom of the cylindrical part of the
model,

The two pressure gages used are as follows:

The upper pressure gage; Statham Model No. PM 222 TC

Sensitivity 500 MV/V/psi

The lower pressure gage; Kulite Model No. CPL-125-10

Sensitivity 1.2 MV/V/psi

To calibrate the pressure gages, a known static water head
was applied by moving the model with gauges installed up or down
a known distance in the water.

7. Flow Visualization - Vortex Observation

It is of a considerable interest to investigate the effect
of viscosity in the motion of the spar buov in the waves, In
the theory, the fluid is assumed inviscid, but the effect of
viscosity of water should be taken into account when the mction
is large or the slope of the body of the revolution is very large,
e.g., near the edge of the flat bottom. It was attempted to
observe visually the onset vortex generation near the flat bottom
of a model by introducing into this region hydrogen bubbles generated
by electrolysis. A fine wire was put on the model and electric-
ally isolated from it. Another electrode was made of copper plate
and fixed aear the moving model. A D.C. voltage was applied to
these electrodes and the resulting electrical current was adjusted
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until the size and quantity of the bubbles were suitable for
observation,

Two different models were employed to do this experiment,
one had a flat disk bottom and the other had a cone shaped
bottom. The vortex generation was not observed in the latter,
but near the edge of the flat disk bottom, a slight vortex
generation was observed due to heave and large pitch motion.
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IV. EXPERIMENTAL RESULTS

1. Experimental Results in Reqular Waves

The results of the motion picture and motion transducer
measurements of the experiments performed with the Model No. 2
with the cone shaped bottom and slenderness ratio of about 17
are presented in Figure 6, 7, 8.

The results of the accelerome:er and rate gyro measurements
for Models Nc. 3 and 4 having slenderness ratios of about 10

and 5 for regqgular waves are presented in Figure 9-14.

The added mass coefficient versus slenderness ratio for
heave moticn is given in Figure 5.

2. Experiments in Irregular Waves

The wave spectra are presented in Figure 15. The results
of the heave and pitch measurements in irregular waves are presented
as heave acceleration spectra and pitch angular displacement sSpeciva.
The transfer functions for these motions were also obtained and
theoretical prediction of those transfer function were computed
as previously noted. All of these results are presented in
Figure 17 to 29.

3. Pressure Measurement

Pressure measuirements for two different depths and three
different angular orientations are given in Figure 30 and 31

together with their theoretical predictions from Newman's theory.
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V. DISCUSSIONS

1. Motion Picture and Motion Transducer Measurements

The results of motion picture and motion transducer measure-
ments of the experiments perfourmed with Model No. 2 with cone

shaped bottom presented in Figure 6, 7, and 8 shows following
features.

Sh i o) et AR A I e v SR TR e F
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Heave. Both techniques of measurements show excellent
correlation with the theoretical predictions. The scatter of
points at higher KH values is understandable in light of the

experimental error in measuring these very small motions and
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the possibility of introducing at random exciting forces that
vary from the regular wave pattern.
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T . Pitch. The motion picture results show excellent agreement

Py T

with theory. However the transduce:r results are disappointing
and illustrate the damping which is introduced by the instrumentation.

The reason that damping influences the pitch motion while ‘t does

oA L VA iy

affect the heave can be seen if the system is closely examined.
As mentioned previously, pitch friction results from both a
rotation about a pivot and surge translation along the rails,
while heave friction arises from the rour ball bushings and the
pulley potentiometer connection.

I
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Surge. Again both techniques yield similar results. It
should be ncted that a correction should be applied to the pcten-

TN T

tiometer results for surge in the case of Newman's theory. The

P ke e

effect is most pror~unced in the area of predicted surge resonance.
i it reduces the value KH for resonance slightly and increases the

3 value at higher Kii volues. The correction is generally small

PEILN

and for the sake of clarity was not plotted. The data does
indicate the poussibility of a resonance in surge, although much

more data is required before a conclusion or this point may be
HE reached.
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Accelerometer and Rate Gyro Measurements

A. In Regular Waves

The extended formula of Newman's theory for heave gives
an excellent prediction for the model of small slenderness
ratios.

The measured pitch motion and its thenretical prediction
show good agreement with each other for the models of slen-
derness ratios of 10 and 5.

B. Irreqular Waves

The transfer functions of the three different experi-
mental results for the same model condition show excellent
agreement each other.

The theoretical prediction and experimental values of
the transfer function for the heave acceleration and pitch
angular dispiac:ment does not give good agreement cuan-
titativeiy but trey give good agreemeant qualitatively.

Press.w.re Measurement

The pressure measurecments at the lower pressure gage near

the bottom gives a very good agreenent with the calculation of

the Newman's theory in all the three different orientacions.

The upper gauge, however, shows much deviation from the prediction
in all the three orientations. It is suggested that this dis-
crepancy results mainly from the effect of the free surface,

i.e. we linearized this free surface boundary condition.
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4. Applicability of Newman's Theory

For the model of which the slenderness ratio is about 17
Newman's theory gives very good prediction for the heave, pitch,
and surge. For the slernderness of 10 and 5, Newman's theory
gives a good prediction for pitch, but for heave the extended
formula of Newman's theory gives better agreement with che
experimental results.
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Pulley and Surge Potentiometer
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FIGURE 4. Schematic of Motion Transducer Apparatus




Ok MAS MO By AeA BAG AFARIR R NANAWINY (arem quns el v ' L e PO Lty HEPATE

OT3RY SSOUIBPUSTS °*SA SSeR POPPY TeUOTSUBWTJ-UON *& HINOIJ

N (vp1 °d /,S0TWRUAPOIPAH, s,que'l 99§)
e . W PTNT3 OITUTIUT UT XSTP e 3O ssew pappe ay3 3O FTeY U0«

T %" T w =S

- d/H - (Adpurtdd 30 snipey/3iead)

=5

i3
M

1
n

wo330g (eOTUOD @ -~
wo33od 3efd ——O - — S

juswraadxg (PTINT3
®3TUTIUT u*
umahvamuomza

(SsSeW PoOppV 1eUOTSU3WTIQ-UON)

o
*
—




L TRT OOy e

3
3
I

THYY
————

3/a

Heave Amplitude/Wave Amplitude =

LL Theory: Newman . Rudnick
A Motion Picture
Measurenments
3 - (o] Motion Transducer
Measurements
2 -
A
!
1
0 of ) i
0 4 6 8 10 12
KH
FIGURE 6. Heave Response for Model #2 with Conical Bottom
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g, 51
.
| INPUT
& (dimensions, etc.) I Calculation of éraft,
| center of buoyancy
| R
, P -
?‘ e N Evaluation of Py, Py, Qps @
- D —
k/ I
MAIN ‘_____(232 ___R_T}Newman damped equationsl
PROGRAM T
M~ ~ \Ql)) \K‘ i
N — R__|Newman undamped equations]
~
\(3C\
~
AN R JRudnick equations]
LNt
N

Evaluation of pressure atl

PRINT OU OF RESULTS any point or buoy (Newman)

‘ N e
]

information needed for computations cf subprogram

-~ B
[

results of subprogram computations

Possible shapes for which calculations can b~ made:

(1) Cylindrical segments

(2) Conical Segments

(3) Hemispherical ends

(4) Elliptical ends

(5) Third degree polynomial end

* The numbers in parentheses in the diagram indizate the steps
invoived.

FIGURE 32. Schematic Flow Diagram

of Computer Program
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APPENDIX A:

SPAk COMPUTER PROGRAM AND ITS

PROGRAM SPaR [ INPT,OUTPUT)

DIMENSION
DIMENSION

NOSFCT(8)s NTYPE(8)» AZ(9)sAAALB)+BBB(8)»CCC(8)*DDDIB)
2ZETA(850)s UNZETA(50)s XI1(50)s UNXI(%0)s PSI(50)

DIMENSION ZETA1(50)9ZETA2(50)sZETA3(50)+ZETAL(50)
DIMENSION UNPSI(50)
DIMENSION Q0(50)s Q1(50)s QO0(50)s Q11(50)
DIMENSION 4K (50}
DIMENSION DAMP(50)
DIMENSION DAMP1(50)
DIMENSIOM HH(8)
DIMENSION AKH(50)
DIMENSION PSIa(50)s X13(50)
DIMENSION TITLE{(10)
DIMENSION EPSILO(50)
DIMENSION AMOM(8)
DIMENSION CFREQ(50)s RPSI(50)
COMMON/FIRST/As 8% Cs Ds 1» Lo SURVOLs AREAs TOTVOLs VOLs M CHIo
1 We Gs ROEs SUs AZs AMOM, HHe ADD
COMMON/SECOND /BBy 219 ZOs P11s Ple ZGs P22 929 Ns Ks AWs ABs AA>s
1 CA» 25 A¥»s QNOs» QO0s Q1ls Q1
COMMON/1+4IRD7/QQs QRs OMEGAs ARs 4FTAs PSIs Xi» EPSILO»
1 UNZETAs 1INPSIs UNXIe ZETALs LZETA2s ZETA3s ZETAGs X13e PSI3

COMMON/FOURTH/NTYPEs AAA» BBB+ CCCs DDD
COMMON/FIFTH/TITLEs HEVKHs HEVKs HEFs BG> SQARs
1 MOVERs CFREQs RPSIs AKH
FIRST DATA CARD I:< TITLE CARDs ALL 80 SPACE:L ARE READ
RFAD 99 TITLE
9 FORMAT (10A8)
READ 10s NOGSECs G» ROEs We 2GB

i0 FORMAT {I10s 4F10e&?
NLZEC = NUMBER OF SECTIONS
G = ACLELERATICN OF GPAVITY (FT/SFC##2)
ROF = DENSITY UF FLUID (LB=SECY+/FTau4;
W = WFIGHT OF MODFL (i 8)
2GB = POSITIGN OF CENTER OF GRAVITY MEASURED FROM BASE

VOL = W/ (ROE*G)
VOL = DISPLACE[l VOLUME REQUIRED BY ARCHIMEDES
LIMIT PROGRAY 1C 8 SEFTIONS
DO 25 I = 1le NOSEFr
READ 24s NUSECT(I)»s NTYPE(I)s AZ(I41)2AAA(]1eBBB(I}sCCC(T1)»DDDI(I)
26 FORMAT (2110¢ 5F10e4)
AMCM(1) = 0,0

2% CONTINUSZ
NOSECTI1) = NUMBER OF EACH SECTION BEGINNINGL AT THE BASE
NTYPE = A NUMBER CLASSIFYING THE TYPE OF SECTION

(FT)

{FTae3)

TYPE + = RIGHT CIRCULAR CYLINDER R(Z1 = CONSTANT

TYPE > = rONICAL SEGMFNT R{Z) = LINEARLY VARYING FUNCTION

TYPF 3 = HFMI=-SPHERICAL FND

TYPF 4 = TLLIPTICAL ENND

TYPF 5 = aRRTTRARY 3RN ORNDFR FND R(Z) = ARZEE3 4 puZ#t) 4 CxZ 4
AZ(I+7) = DISTANCE FROM THE BASE TO THE END OF SECTION 1

A2(1) = 2.3
TOTVOL = 7.0
H = 0.0

1 =3
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30 JOE = WTYPF (!

A = AAALTY :
B = ABBII)

C = cCcCn

D = DOD(I)

GO TO (7209 7-1s 722+ 723s 724)s JOE
720 CALL CYLIND
SUBROUTINE CYLIND YIELDS VOLUMEs MOMENT OF VOLUMEs DRAFT AND VERTICAL
PRISMATI. COEFFICIENT OF A CIRCULAR CYLINDER
A = RADIUSs B+ C =D = 0
GO TC 725
721 CaLL CONF

SUBROUTINE CONL YIELDS VOLUMEs MOMENT OF VCLUMEs DRAFT AND VERTICAL

PRISMATIC COSFFICIENT OF A RIGHT CIRCULAR CONE
RADIUS = A®(ZB-AZ(l)) + B

A = SLOPE OF RADIUS Vs Z LINE

b = RADIUS AT AZ{(IYs ¢ =D =0
GO TO 725

722 CALL HEMI

SUBROUTINE HEMI YIELDS VOLUMEs MOMENT OF VYOLUMEs DRAFT AND VERTICAL
PRISMATIC CORFFICIENT OF A HEMi-SFHERICAL END
A = RADIUSs B =2 C =35 =0
GO 70 725 -
723 CALL ELLIP
SUBROUTINE ELLIP YIELNS VOLUME» MCMENT OF VOLUMEs DRAFT AND VERTICAL
PRISMATIC COFFFICIENY OF A 1/2 FLLIPTICAL END
A 2 MAJOR AXIS> - VERTICALs R = MINOR AXIS - HORIZONTALs C = D
GN TO 725
724 CALL THRDOR

SUBROUTINE THRDOR YIEL DS VOLUMEs MOMENT OF VOLUMEs DRAFT AND VERTICAL
PRISMATIC COFFFICIENT OF A THIRD ORDER END
SHAPE 97 ENDs K = ARZ%#%3 4 BRI#%2 4+ C*1 + [ WHERE D=0
72% 1Fil. = 1) 3Cs 726 300
726 CALL EXIT
300 RFAD 301, X
301 FORMAT (110)
K = THE NUMSBER OF DIFFEFSNT KHtS TO BE READ
NOSEC = 1
READ 302s (AKP({_)s I ® 14X)
302 FORMAT (8F10,.%®)
AKH = KH = NON - »HIMENSIO'IAL NUMBER K#*H
DO 13 I = (9 K
AK(1} = £<HUIY/H
13 CFREQ(1) = (GRAK{I))##0,5/(2,0%2,14159)
AK(1) = AW = K = OMEGA**#2/G = WAVF NUMBER
727 CONTINUE
PRINT 7 TiTLF
7 FORMAT {1H1ls 33H NEWMAN SECTICM CALCULATIONS * 10A8//)
16 = 26B - H
P1 = 0,0
P2 = 00
DO 303 1 = 1y K
eni1y =
303 Q1(1) =
306 I = ]

s C

0.0
6,0

o n
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3VUS IF (1 = NOSEC) 306s 306y 360
306 JOMN = NTYPR(I)

A = AAALT)
B = RBA(L)
C = CcCcCUn
D = DDDL])

IF (AZ(141) = H) 209, 309, 307
307 PRINT 308
308 FORMAT (42H TOUGH LUCK YOUR AZ(I+%Y) IS GREATER THAN H:
CaALL EXITY
309 GO TO (7375 731s 732, 733s 734} JOHN
730 cALL PQcYL
SUBROUTINE PQCYL YIiELNS P1s P2s QCI{N)s Qi(N)s (N
SECTICN
GO TO 30%
731 CALL PQC(N
SUBROUTINE PGL~ON YIFLNS Pls P2 QD(N)s Qi(N)s (N

19 Ky FOR A RIGHT

CIRCULAR CONICAL SECTICN
G0 T0O 305
732 CALL PQHSPH
SUBROUTINE PQH!PH YIELDS Pls P2s QO(N)e Q1(N)s (N = 1s K) FOR A
HEMI-LPHERICAL END
GO TO 305
733 CALL PQELL
SUBROUTINE PQELL YIFL™S Pls P2s QO(N)s Q1(N)s (N = 19 Ky FOR A 1/2
ELLIPTICAL FND
GO TO 205
734 CALL PQTHRD
SUBRCUTINE PQTHRD YIE| DS Ff1s P2s QO(N}s Q1{N)s (N = 1» K) FCR A THIRD
ORDER END
GO TO 3C5
360 CONTINUE
RFAD 361s AR
161 FORMAT (FiD.4)
AR = PADIUS OF GYRATION = (1/M)1#20,5 (FT) ACTUAL MASS
READ 369, MOVF,s OVER
369 FORMAT (2110)
IF MOVE = 1 SOLVE DAMPED EQUATIONS
IF MOVE = 2 SOLVE UNDAMPED EQUATIONS (DAMPING iM HEAVE ONLY}
1f MOVE = 3 SOLYE BOTH DAMPED AND UNDAMPED EQUATIONS
1F MCVFR = O ONLY PEFFORM NEWMAN CALCULATIONS
IF MOVER = 1 OALY PERFORM RUDMICK CALCULATIONS
IF MOVER = 2 {OR GREATFR) PFRFORM MNEWMAN AND RUNNICK CALCULATIONS
IF {MOVIR = 1) 370, 232; 370
370 CONTIRUE
ADD 1S THE RA-IO QaETWEEN REAL MASS ANC TOTAL MASS
ADD = REAL MAcS /(REAL MASS + ADDED MASS
READ 362+ AnRD
362 FOAMAT{F10,.4)
DO 420 1T = 1 X
Av = AK{I}
OMEGA = {AWEGI%%0,5
Q0 = GO{1Y
QrR = Q1(1)

4
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IF (MOVF = 23 740s 741s 742
740 CALL EQDAMP
SUBROUTINF FQNDAMP SOLVES THE NAMPEN FQUATIONS OF MOTICN (48)s (491 (50) ON

PAGE 16 OF NEWMANs TH MOTIONS OF A SPAR BUOY IN REGULAR WAVESH
60O TG 400

741 CALL EQUNNDM
SUBROUTINE FQUNDM SOLVFS ThT UNDAMPED EQUATIONS OF MOTION (34)s (35)s (36)
ON PAGE 13 OF NFWMANs *THE MOTIONS OF A SPAR BUOY [N REGULAR WAVES!

GO TO 400

742 CaLL FQDAMP
CALL EQUNDM

40C CONTINUE

32 CONTINUE

THE FOLLOWING IS an ATTEMPT TO ARRANGE A NEAT PRINT OUT OF INFORMATION
PRINT 41Cs TIvLE

410 FORMAT (1Hls >7H MODEL CHARACTERISTICS * 10A8///)
PRINT 314 NOSEC

31 FORMAT (23H N'MBEP OF SECTIONS = 110/7/)
PRINT 411, H
411 FOR™MAT (1 4 DHAFT = F1l0e49s 6H FY//77%

WYON = W/2240,0
PRINT 23, Wws WTON
330FORMAT (114 WEICHT = Fl2.4° 6H LBS5X3H = F12e49 4X9HLONG TONS//
1 A
PRINT 34, VOL
34 FORMAT {21t DISPLACFD VOLUME = F20.4s 9H FTa%2///%
PRINT 40¢, ZHI
409 FORMAT (40H VERTICAL PRISMATIC COEFFICIENT ~ CHI = Fi0s4/7/7)
PRINT 35, ZGR
350FORMAT (43h AEIGHT OF CENTER OF GRAVITY ABOVE BASE = F10e4»
1 6H FT 227
TOTMOM = (.0
DO 38 1 = 1 .d0SEr
38 TOTMOM = T( TMUM o, aMOM(1)
ACR = TOTMULM/VOL
PRINT 36, P2CR -
360FORMAT (44H HEIGHT OF CENTER OF BUOYANCY A30VE BASE = F10e4o
1 6H ET /1)
PRINT 416 AR
4160FORMAT (37H RADIUS OF GYRATION (ACTUAL MASS) = F12.8+ 6H FT
1 77
PRINT 418 + A-%
418DFORMAT (434 RsTIUQ OF GYRATION (DISPBLACED MASS)Y = Fl12.8»
1 &H FY 7/
PRINT 200s AK..
2000FORMAT (45H RADIUS OF GYRATION ABCUT C {ACTUAL MASS: = F12.8s
1 6H FT,77)
PRINT 37, ROF
37 FORMAT (21H DENSITY OF FLUID = F10.462 19M L3-SECHn2/FTud4l///)
PRINT 39, G
3¢ FNRMAT (23H ACCFLFRATION OF GRAVITY = F10e4: 12H FT/SECRR2//7)
IF (MOVFR~1) 4Ny 8NNL4E
4C CONTINUF
PRINT 41, TITLF
41 FORMAT (3xle 23H NEWMAN RESONANT FREQUENCIES = 10a8//7/7)

T ST YT (PR T



PRINT 42
42 FORMAT (160 HFAVE RESONANCE/ /)
HEVKH = 1,U/CHI
HEVK = HEVKH/H
HFF = (HEVIRG)##0,5/(2,0%3,14°.59})
PRINTY 43, HEV!Fs, HEVK,s HEF
430FORMAT (7TH KH = F10e4&s 10X6H K = F10.49 84 FTH2-]1 10X

1 6H F = F10ens SH CPS////)
1F (Pl) 47y 444 47
44 PRINT 45
4% FORMAT (40H THERE IS NO RESONANCE IN PITCH OR SURGE)
Gn TO 417
47 PRINT 48

48 FORMAT {26H PITCH AND SURGE RESONANCE//)
PITKH = PI®H/ (P2 + fR#%2 = (,5%P1%#%2
P1TK PITKH/H
P1TF ({PITKRGI##0) ,57(2,0%3,14159)
PRINT 49, PITKHs PITKs PITF
49N FORMAT (TH KH = F10e,4s 10%X6H K = F1044s 84 FT®#¥=1 10X
1 6H F = F104.49 SH CPS)
PRINT 4GCls TITLE
401 FORMAT (1H1s3nH NEWMAN MCDEL Ps Q VALUES * 10A8///)
417 PRINT 412, Pi, P2 ~
412 FORMAT (12X6H Pl = F10e&s 11H P2 = F1044777)
PRINT 4113
413 FORMAT (6X4H vH 5X3H K 3X11H FREQ (CPSs 7X7K QO(Ky 7XeH Q1(K)///)
DO 415 1 = 19 K
PRINT 41¢s AKH{I)» AK{I)s CFREQ(I)s QO0(I)» Q1(])
414 FORMAT (Flue2s 2F10e4s F1544/)
415 CONTINUE
GO TO (42GCs 430s 520)s MOVE
420 PRINT 421, TITLE
421 FORMAT (1H1ls »>7H NFWMAN DAMPED MOTIONS * 1CA8//7)
PRINT 422
4220FORMAT (X s% KHEsTXs® KR92Xe¥® FREQUENCY (CPSI% 1Xe® MAG ZETAL/A%Rs
13Xe# MAG ZETA~/A%93Xs# MAG XI/AX32X 8 OPSi/Ki¥:4Xeo®% PhalS LAG®///)
DO 424 1 = 1y X
PRINT 42392K:i(I)e AK(")s CFREQ!I)» ZETALI(I) TETA2(1)s XI(i)s
1PSI(1)s EXSILOC(T)
423 FORMAT (F10e2s F1lcls Flleds 5X3F13e4s F1l2e4s Fl2e4/)
424 CONTINUE
PRINT555
558 FORMAT(1H1+s#DIFFERENT ARRA .GEMENT OF THE RESULT FOR SPECTRAL ANAL
1YSIS#s//7)
PRINT 666
666 FORMAT(TXst KH¥EsgXeit KRsT7Xe% FREQUENCY (CPS)I®e5 Xos ZETARS13Xe%® X
113%913Xs#% $SIaR//y)
444 FORMATIF10429F10e494F17.47)
DO 1000 1=4¢X
1vu) PRINT4A44s AKHU1)» AK(TYs CFREQ(I)s ZFTA3(I)s XI3(I)e £513(1)
IF (MOVE - 1) 440s 440 470
430 PRINT 431y TITLE
431 FORMAT (1Hls 29H NEWMAN UNDAMPED MOTIONS # )0A8//)
PRINT 432
&£320FORMAT (7X2HKH 7X9HK B8X1T7HFREQUENCY iCPS) 4X1OHMAG ZETA/A 6X

56




57
1 9H 1 A5 XI/ZA H5X10HMAG PSI/KA/Z/?)
PRINT 42¢
426NFORMAT(SASH D, 2\TH N40000 8XTH 0,000 13XTH 14,0000 8XTH 1,0000
1 BXTH~1eN1N0/)

()

AN N

D0 434 | = 1y K
PRINT 433» AKH(I)s AK(I)s CFREQ(T)» UNZETA(I)s UNXI(I)s UNPSI(I])
4332 FORMAT (Fl(0e29 F10e4s F15e4s 5X3F1544/)
434 CONTINUE
440 CONTINUE
SN0 RFAD S501s | PRES
501 FORMAYT {(11(}
1f (LPRES - 1) 504, 60Cs 600
IF LPRES = O MAKF PRE<SURE CALCULATIONS FOR BUOY
IF LPRES = 1 3" LARGEP DO NOT MAKE PRESSURE CALCULATIONS FOR BULOY
504 CALL PRsCAL
SUBRUUTINE PROCAL COMPUITES PRESSURF ON BUQOY AT LOCATIONS SPECIFIED
600 CONTINUE
1£ (MOVFR - 1, 900, 800, 800
800 CNANTINLE
STATEMENTS £57 - 9nD aRF FOR RUDNICK CALCULATIONS
BG = RLF - 2Gn
SQrR = AR#x2
850 CALL RR¥SOM
SUBROUTINE RRESCN YIELDS RUDNICK RESONANT FREQUENCIES FOR THE BMWOY
CALL RMOT
SUBROUTINE RM0T COMPUTES MOTIONS OF THE RUOY USING RUDNICK METHOD
900 COWNTINUE
PRINT 35&5%
8565 FORMAT (injle ~0H DAMPING CGEFFICIENT///)
PRINT 04¢&
8560FORMAT{ 7X2HKH 7X,HK B8X17HFREQUENCY (CPS» 8X14HDAMPING COEFF.
18X1THDAMP2 COZFF(aADD) e/ /)
DI B6DO I = 1 K
DAMP( 1 )=WRAK{ T 1#(sK(T)RG)* R 5% (] ~CHYRAKH{ 1) #QO( 1)) %>/
1 LGRROE#GECH] R RO RHER))
DAMP 1 (1) =AD2¥*NAMP( 1) .
DAMP 1S DAMPING COEFFe. WITHOUT THE ADDED MASS
DAMP] IS THE DAMPING COEFF. WITH ADDED MASS
PRINT 857y AKH(I)s AK(I)s CFREQ(I)s DAMP(Tj+sDAMP1(1])
857 FORMAT(F10¢29F10e59F1544910Xr15e8910XF15,8/)
860 CONTINUE
END

SURRQUTINE CY!1.IND
COMMON/FIRST/a» Bs Co» D» Is Lev SUBVOLs AREAs TOTVOLs VOLs He ChIs
1 We Go ROFe 57, AZs AMOM, HH
DIMENSION AZ{9)s aMOM(8)s HH(B)

SUBROUTIME CYLIND YIELDS VOLUMF»s MOMENT OF VOLUMEs DRaFT A% VERTICAL

PRISMFTI~ COSFFICIENT OF A CIRCULAR CYLINDER
A = RADIUSs B = C =D =0
50 AREA = 3,14]159%A#%)

SUBVOL = AFFEAX{AZ(I+1) = AZ(I))
TOTVOL = TuTvGOL + SURVOL
TF (VOL - TOTVOL) 60s 52+ 51

P e R




(%)
o]

51 AMOM( 1) = (0 5%(AZ(1 + 1) = AZ(1)) + AZ(1))*SURVOL
1 =1 4+ 1
L =0
RFTURN
52 H = AZ(1I+]1)
AMOM( 1) = (0.5%#(AZ(I + 1) = AZ(1)) + AZ{]))*SUBVOL
CHI = W/ (G®ROF*H¥AREA)
L =2
RETURN
6C TOTVOL = TOTVuL - SURVOL
HH(T}Y = (VOL -~ TOTVOL)/AREA
AMCM(I) = (O 5%HH{T) + AZ(1))%¥3,14150%A¥RIRHH(])
H= AZ(I3 <+ HH(T)
CHI = W/ (" %*ROE®{*¥AREA)
AZ2(141) = H
L =2
RETURN
ZND

SURROUT INF CONF
COMMON/FIROT/A» 89 C» Do I Ls SUBVOL> AREAs TOTVOLs VOL»s» Hs CHI»
1 Ws Gs ROEs SOs AZ» AMOM, HH
. DIMENSION £Z2(9)s AMOM’8)s HHI(B8)
SUBROUTINE CCML YIELDS VOLUMEs MOMENT QF VOLUMEs DRAFT AND VERTICAL
PRIS4ATIC COEFFICIENT OF A RIGHT CIRCULAR CONE
RADIUS = A®(723~A¢; ) + R
A = SLOPE OF RADIHS Yeo Z LINE
B = RADIUS AT AZ())s - = D = 0 :
1000SUBVOL = 3.,14+59#({ (A#%2)/3,.0'2(AZ(1+1)~-AZ 1)) %#%#3 + AR% i
1 (AZ(1+1).AZ(]1) =82 + (B¥e2)%(AZ(I+1)~A2(1))) 2
TOTVOL = TCTVOL + SURVOL i
DIS = AZ(141) = AZ!1)
IF (vOL - TOTVOL) 110, 102s 101
1010AMOM(I) = LISH((BRED 4 2,0%#RE(R + ANNIS) + 3,0%(R ¢+ AXDIS)I#XD)Y)/
1 (4, 0%(R¥E2D 4 RE(R 4 ARDIS) 4+ (3 + ARNIS)R#D) ) )XSYavVOL
2 + AZ(1)®-~-UBVOL
I=1+1
L=20
IETURN
127 H = AZ(1+])
AMOMIZ) = DIS*((BR%2 + 2,0%B%#{R + A¥DIS) 4+ 3, 0%#(B + ARDIS)**2)/
1 (G OX(REXD 4 RE(R 4+ A#DIS) + (R + A¥NIS)I¥%D) ) ) *SUYRVOL
2 + AZ{1)Y®RcURV]L
SO = 3,141590% (AR (AZ27T141)-AZ{1)) + R)I#%2
CHI = /7 {(GR*ROE#H¥®cO: :
L =2 :
. RETURN ;
1i¢ TOTVOL = TOTvOL - sSuysvOoL
HU(l) = ((R/A%%35 4 3 0% ' VOL-TOTVOL)/(2_,14159%a%%2y ;%%(],0/3,0)
DIS = HH{I)Y = AZ:{:;
SURBVOL = 2414159%{((A%%2)/3,0)%¥N]SkRq 4 ARRAN]SE¥E)> 4 aXxEr>An]S)
AMOM(I) = DIS*({(F2%2 4+ D, 0%#RE(R 4+ A#NIS) + 3, 0% (B + A#NIS)#%2)/
1 (4"*(R%RD 4 B[R + A¥DIS) + (R + ARNIS)##5)) ) #SypVOL
2 + AZ(]1)®gUBVOL
H= AZ{TI) + HIL])
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) = 3,14150® (ARHHIL) & B)as)
il = W/ 1GLROT#H#<cQ)

7{I+1) = M

" 5

TTURN

1D

JRROUTINE NHEM]

IMMON/FIRST/as Ry Cs Ds §» L~ SUBVOL> AREAs TOTVOLs VOLs Hs CHIs
4s G ROFs 509 AZs AMOM, HH

LIMTNSION AZ(9)s aMOM(8), HH({R)

PJTINE HEMI YIELDS VOLUMEs MOMENT GF VGLUMEs DRAFT AND VERTICAL

PRISMATIC COFFFICIENT OF A HEMI-SPHERICAL END
ADIUS» 8 =C =D =0

|
\JSVOL = (240,3,01%3,14159nA%%73
i)TVP‘ = TOTYOL + sSusvoL
|7 oIvil =~ TOTVOLY 151 155, 160
JYTNT 1652
\)R“AT {R4H PPIGRAM INADEQUATF TO TIND DEPTH OF A HEMI-SPHERE)
=1
["TURN
=
[A0MII) = (5.,n/8,0)%A#SUBVOL
) = 3,14159%K#w)
11 = W/ (~*ROE#Y#cD)
= 2
*TURN
AOMUI) = (64,,/84N) *a%SURVOL
=1 + 1
=0
“TURN
D

IRROUTINE FLLIP
OMMON/FIR! T/ a s Ay Cs Ds 19 Ls SURVOLs AREAs TOTVOLs VOL» My CHI»
Ws C» ROFs SOs AZy AMOM, KW :
MENSIOF AZ(9)Y, AMOM(8)s HMIB}
QTINE ELLIP YIELNS VOLUJUME s MOMEMT OF VOLUMEs DRAFT AND VERTICAL
i PRISMATIC COFFFICIENT OF A 172 ELLIPTICAL END
WJOR AX1S - VERTICALs B = MINOR AXIS - HORIZONTALs C = D = O
1RVOL = (ceNr3,01%3,14)59%R% %R
JTVOL = TOTVOL + SuavoL
1 VoL - TOTVOLY 251, 205, 210
CINT 202
DRMAT (S5XE2rPRLTZAM INADEQUATE TO FIND DEPTH OF ELLIPTICAL SHAPE)
1

|
|
{

TURN

= A/Z‘C

DMIT) = (5,n/8,N)%(A/2,0)#SURVOL
= 3.14]159%(R/2,0)8#82

T = A/ (GRROT*4%0)

= 2

TURN

OMUT) = (5,n/8,01%(A/2,0)%SURVOL
= 1 + ]

z

.
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Lt =90
RF TURN
END

SURROUTINF THRDOR
COMMON/FIROT/r9 Be Ce Ds Is L9 SUBVOLs AREAs TOTVOLs VOLs He CHI>»
1 Ws Gs ROEs SOs AZ» AMOMs HH
DIMENSTION £Z{9)s AMOM!B)s HHI(8)
SUBROUTINE THWOR YIELDS VOLUMEs MOMFNT OF VOLUMEs DRAFT AND VERTICAL
PRISAATI~ COFFFICIFNT OF & THIRD ORDER END
SHAPE OF FENMy R = AXZ%#3 4 REZE%) 4 (%2 + D WHFRE nN=0
250 Z = AZ{141)
SUARYOL = 2414159328 %3%(C¥%5/3,0 + ZR{(BEC + Z#( (D ONARC 4 BRED)

1 + ZR(L%Q,3,0 4 ZRARRQ/T7 D) )))
THROM = 3,141 0087 %%4%(CH%2/4, + 2Z%() Q0%R#C/65,0 + Z#((2,0%A%C + B¥%2,
1 2)/6el + ZE(A,0%ARB/T7,0 + Z%A%%2/8,0)1)})

TOTVOL = TLTVOL + SURVOL
1 (vOL - TGOTVOL) 251, 255, 260
251 PRINT 252
252 FORMAT (5X51HPROGRAM TNANFQUATF TO FIND DFPTH OF 3RND ORNFR SKHAPF)
L =1
RETURN
255 H = AZ {+1}
SO = 3,14159% (ARAZ{T+1)%%3 + R¥AZ(I+1)%%) 4 CRAZ{J+4]1))%%)
CHI = W/ {GRROE®H®c0)
AMOM({ 1) = THRDM
L =2
RFTURN
260 AMOM(T) = THRDM
1 =1 + 1
L =J
RFTURN
END

SUBROUTINE PQCYL
COMMON/FIRST/As B Cs D I Ls SUBVOLS AREAs TOTVOLs VOL+ He CHI>»

1 We (s ROFs SO» AZs AMOM, HH .
COMMON/STCONU sBBs Z1s Z0s Plls P1ls ZGs P22s P2+ Ns Ky AWs ABs» AAs
1 Ay Z: AK» Q00s QO0» Q11, Q1
COMMON/FIFTH/TITLEs HEVKHs HEVKs HEF, BGs SQARS
1 MOVFRe CFRFQs PPSIs A¥H

DIMENSION AZ{9)s AMOMIR)y HHI8)
DIMENSION AK(50)s QC0{(5C)s Q0(8D)s Q11(5C3s QYI(SD)
DIMFNSINN CFRFCIRNY: R251150)s AKK(50)
DIMENSION TIT: F (10)
SUBROUTINE PuUCYL VIELNS Pils P2s Q0(NYs G1(NY)s (N = 1» K) FOR A CIRCULAR
SECTION
331U ARFA = 3,16157%p%%)

RR = ARFZ #ROL*G/W

21 = AZ(1+]) - H

Zn = AZ(1) - H

F11 = BR¥(D,aR(Z21%%> — ZN%kw2) - Z5%#(Z)1 - 20}))

P1 = P1 + P11

P22 = BR#/{Z2] %2 —~ ZC#%21/3,0 - (Z1#%) — Z0#%5)187G +(Z1 - ZO)*Z3%%))
(¥4
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P2 = P2 + P22

Ie(l - 1)

732, 705, 700

00 PRINT 701

771 FORMAT(iHY )

702 POINT 311. 1

211 FORMAT (238 CYLINSRICAL SECTION NUMBFR 11077)
PRINT 315 Pis, P10

315 FORMAT (6H Pi = F10e4y 114 P.1 = F10e4)
PRINT 31€s P24 P22

316 FORMAT (tH P2 = F10e04s 11H P2 = F104,4//7)
90 319 N = 1e K
A = AK (N}

LTOIN] = (RR/ WIRIFXP(AW®Z1} ~ FXP(A:%¥Z())

A%-e; - L :{NY) + QDOIN)

F118Y) = (3R/aAWIRIEXP(An®RZ )R (L] = 1,074 = ZG) — FXP(AWRZIC)*

1 (20 = len’/aw - 26G))

Grify = G1INY + @+1(N)

PRINT 3149 AKX+ (N)s AWe CFRFQ(N)
3147 FNRMAT (5X6H KH = F1lNeb4s S5XS5H K = F1Ne4: 81 FT#¥-] 6x
: 134 FEFGIENCY = ~10e4, S5H ZPS/)

SOINT 317 Ne Quivys TO0(N)

217 - RE&AT iSH N = [5913H QO(N} = F10,41 14K COO(N) = F10.4)
PRINT 318+ Ne J1({N)s Q11IN)
318 FORMAT (34 N = 159313H G1(N) = F1Ge# 14 Q11(N) = F104477)
319 CONTINUE
T =1 + i
RETURN
D

3IRROUTINE PGeON ;
COMMAON/FiRLT/as 39 Cs Do 1s Ls S5UBVOLse ARF:s TOTYZ..s VOLs Hs CHIs

1 Wes G ROEs SOs AZs AMOMs HH

COMMON/SSCONE /88y Z1s ZC» Plls Pls 26Gs P22s F2: No Ky AWs ABs AAs
1 CAs Z» AKX, QNn0ys Q0y Q11+ Q1

COMMON/FIFTH/TITLE s HEVKHs HEVKe HEFs IGs SUARS
1 MOVER,y CFREQ, RPST, AKH

SIMENSION AZ(9)s AMOM(B)s HHIB)
DIMENSION AK(50)y QANO(S0)s QO(S503s G1j{%0). 1(50"
DIMENSION CFREWIBD)y RPSI{IS0)e AKHI(S50O,
DIMENSION TITLE {(10)
SURRDUTINF PQUrON YIVLNS Ple P2y QOIN)s G3(Nyy (r = 19 %, FOR A RJIGHT
CIRCULAR CONICAL SFCTION

320 2n = AZ(1) - 4
217 = AZ(I+1) . H
AQ = 3 4+ \#{H - AZ(I))
BR = 3,14]159%ROC*G/wW
F1] = RRE(AFRSF(71%%, —~ 720%%43/4,0 + (Z,0%A%AR ~ AREIE7C*
] (Z1%=3 ~ Zu*%3) /3,0 + (AR¥*%) =~ > NEARARRZG)IR(Z1#%) =
bd ZURIQ2Y /2,0 — LRRRIRIGR(Z] - 20y

01 = Pl ¢+ P11

Poy = Rar(ARE~%¥(71%%g = 70#%6;/5,0 4 2, 0%(A¥AR ~ ARESERZA)\R(Z %%y
1 = ZO%R4) 41,0 4+ (AREERD = L ORARAREZG 4 APRDRT EED)E

2 (Z1%%3 = Z,%%3) /2,0 + 2,C%(A%paRZa¥¥) ~ AaR¥OR7c)*(Z]#¥)

3 ~ I0%EDN 0.0 4 AQRENQEICEAIR(Z] - 720))

B2 = P2 4+ B22

WRNIAILE AR Vo <
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IFCI = 1) 7127125710

710 PRINT 711

711 FORMAT (1HY)

712 PRINT 321,

1

321 FORMAT (254 CUNICAL SFCTION NUMRER 110//}

PRINT 323,
323 FORMAT (6H
PRINT 325,
325 FORMAT (6H
DO 329 N =
AW = AK(N)
FRINT 324

Pl, P1»

Pl = F10e4s 11H P11 = F104.4)
P2. P2>

P2 = F10e4s 11H P2 = F1Ga4/77)
le X

AKH(NYs Aws CFREFQUIN)

3240FORMAT (8X6H vH = F10e4s 5X5H K = F10e4s 8H FT#¥=1 §X
K 13H FREQUENCY F10s49 SH (PS/)
GuOIN) = (RA/ W) *{FXPLAKNTZ ) #(ARRRH(Z1%%D = (D, D/AWRRD ) ®(AWRZL] -

1 16C)) + (2.0%A%¥AR/AWN)IR(AWRZ] = 1,0) + AR¥RD?) ~
b d EXPIANRZN )R (AREIR(Z0O%RD ~ (2,0/AWKRyH(AWRZ] = 1,0)) +
3 (Do TRARAT/AWIR{ ANRZ( =~ 1,0) + An¥RD)y)

MMIN) = 07 (N) + QANI(N)
G11(N)Y = (BR/AN)R{EXPIAWRZ 1 )R (ARNOR(Z21%%3 = 3 O%Z1%%D/AW +{6,0/

1 AWRF 2 )R (aWHZ1 =~ 1,0)) + (2,0%A%AR — ARNORIG)H(Z1%%2 -
2 (2,0/AWkR2 ) H(AWRZ] = 1,0)) + (AR*ED = > ORA¥ADRZG)*
2 (AWPZ] = 1.7)/AW ~ ARRESRZC) = cXP{AWRZG)R(AXRIR(7D¥Ry ~
4 3.0%20%%5/A0 + (6,0/A4%%3 )X (AWRZ0 — 1,0)) + (2,0%A%AB
5 ~ AREIRI ) H(L0%RD = (D O/AWRES )R (pANRZ0 - 1,0)) + (Aa¥%)
6 = 2, IEAR.QRZG) R {AWRID = 1,0)/8W ~ AR¥¥IX7G))
CrINY = QI(N) + Q11
PRINT 13726+ Ne QT (N)y QCO(N)
326 FORMAT (S5H N = I5913H QO(N) = F10s4914MH Q00(NY = F10.4)
PRINT 327s N» G1(N)Ys A11(N)
327 FORMAT (5H N - I5913H W1IN) = F10e4914H Q11(NY = F1l0a64/7)
329 CONTINUF
i=14+1
RFTURN
END

SUBROUTINE PQHSPH
COMMDN/FIRET/As 89 C» D» I» Ls SUBVOLs AREAs TOTVOLs VOL» He CHI>»

1 Ws Ss ROEs SO» AZs AMOM, HH

COMMCON/SECIND /88y 219 Z0s Plls Pls ZGs P22s P29 Ns Ks AWs ARs» AAs
1 CAs Zs» AKs QO0s QO0s Q11, Q1

COMMON/FIFTH/TITLFs HEVKH» HEVKs HEF, B8Gs SQAR,
1 MOVER,s CFRFQs RPS]I, AKH

DIMENSION AZ(9)s aMOM{8)s HH(R)
DIMENSION AK(50!)s QUO(S50)s QG(50)s QR11(50)« Q1(50)
DIMENSION CFREQ{50)s RPSI(50)s AKH(50)
‘ DIMENSION TITLE (10)
C SUBROUTINE PQHSPH YIE|LDS Pls P2> QO(N)s Q1(N)s (N = 1s K) FOR A
C HEMI-SPHERICAL FND
330 R = A
= 3414159%ROFRG/W
AA = R - H - 76
P11 = RRE(2 N¥AAXPE%3/3,0 ~ R¥¥4/4,0)
21 = P1 + P11
Pr2 = aR#({—R#%#6/6,049 0¥AARR%%,4/4,0 4+ (R¥%3 — ApA¥%D ) %¥R¥#3/2,0
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1 ‘AA*R**Q + ;A**Z*R**3)
P> = P2 + P22
PRINT 331, I
321 FORMAT (28F H™MI-cPHFRICAL END NUMBER 110//)
! C I MysT ALWAYS = 1 IF vKIS IS AN END
) PRINT 322, Pl» P11

323 FORMAT (€4 Pl = F10e4s 11H P11l = F10.,4%)
3 PRINT 325y P2, P2»
325 FORMAT (6H P2 = F10e4s 11H P22 = F1044/77)
: DO 339 N = 1s K
AW = AK(N)

PRINT 332, AK'{(N)s AWy CFREQ(I)
332UFC0RMAT (S5Xed vH = F10e49 5XS5H K = F10e4s 8H FTa#-] &X

1 1 134 FREQIIENCY = FlQe.4s S5H (CPS/)

3 QJUOINY = (PREEXP(-AWRH)/AWIR(FIP(AWRR)%(R®¥%D =~ 2 O/AW*¥%¥2) 4 (2,07
1 AWRRD )X (ANER + 1,0}))
QI(N3 = Q2 (N) + Q0G(M)

G11(NY = (an*¥cXP(—AWRH) /AW R (FXP(AWER ) * (g, O/AWSS3 = > (ONAA/AWHP)

1 ~ RH¥ED/AR 4 AARR¥RD) = R¥¥3 =~ 3 OR{(RE*X¥2/AW 3 (D, ,0/pV )%

2 (AWRR = 1,0)/7AW) + AARIRE®¥2 4 2 OF{AWER 4+ 1.0)/7AWF%D)

3 + RE%OR{AWER 4 1,0)/AW — AA#R*%D)

PRINT 333, Ns Q0(N)s GOO(N)
333 FORMAT (S5H N = [5913H QO (N)

PRINT 334s Ns Q1(N)s Q11(N)
334 FORMAT (SH N = I5913H QlsN)
339 CONTINUE

I =1 + 1

RFTURN

FND

1]

F10e4sl4H QOO0(N) = F10e4)

1]

Fl0e4s14H Q11(NY = F10.,4//)

SUBROUTINE PQELL
COMMON/FIRST/as B2 Cs» Ds 19 Ls SUBVOLs AREAs TGTVOLs VOLs Hs CHI»

1 Wes Gs» ROEF, SOy AZs AMOM, HM

COMMON/SECOND /BBs Z1s 20. Plls Pls 2Gs ¥22s P2, Ny Ko AWs ABs AAs
1 CAs 79 AKX, ONn0ys Q0s Q11, Q1

COMMON/FI-TH/~1TLFEs HEVKHy HEVKs HEF, BGs SQAR,
1 MOVFRs CTRFQs RPSIs AKH

DIMENSION AZ(u)s AMOM(B)s HH(B8)
DIMENSION AK({50)s QDO{50)y QG(S50;s Q11(50)s Q1(50)

DIMENSION CFREQU50)s RPSI(50)s AKH(50)
DIMENSION TITLF (10)

C SURROUTINE PQELL VIELNS Pls P2s QO(N)s Q1(N)s (N = 1s K) FOR A 172

AT

3 C ELLIPYICAL END
3 340 BR = 3,14159%ROE*G/W

AA = H - /2.0

CA = (R/L)%%2

P11 = 33XCA*¥((H*®%¥g = AA)/4,0 = {(2,0%(AA = 2G/2.0)1/3,0)%(H%*#3 — Aj

1 ERF) 4 (HERD ~ HRA = D OXAARZG)®{ (H¥%2 ~ AA)/2,0)

2 - (H®®D2 _ HFELyE2GEA2.0)

P1 = P1 + F11

PRINT 341

341 FORMAT (24t ELLIPTICAL END RUMBER 110/7)
C I MUST ALWAYS = 1 7 <THIS IS AN END

] P22 = BR¥CAX((AARRS —~ HE%5)/5,0 + AAR{HE®RL — AARNL4) /2,0 ~
1 (H®%) = HEA)R[aA%%T ~ HEXT) /3,0 4 2,0%Z2GH( ((AARRY ~ HR#4)/440

TR

ta.ca)

-

R
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? T D ORAAR (KRR ~ ApRE) /2 0 4 {HiERD - EATE{AANES
. 3 = mMREIY /5,5 4 IORERDR(HRED ~ LEAYELA/D,01))

P> = P2 4+ P25

PRINT 322, P11, PIn

323 FORMAT (6H PY = FiQ44y 11H P11 = F19%.4)
PRINT 32¢%, P2, P25
325 FORMAT (¢H P2 = Fid 4y 11w P22 = F1D0/77)

DO 349 N = 1, X
AW = AK(N)
PRINT 342, A&K'1{NY)s AWy roREGIN)
3420FORMAT (5X6H 1'H = F1N,4s 5XSH £ = £19,4s 31 FT%#%=-1 &YX

1 13H FREQUENCY = S104,49 84  (CPS/)

QUOIN) = (RR%ECA/AVIR(CXPIANR{=12 & A/, C))*{=Aa®%2 4 (2, 0/aw*®2 1%
1 (AWRAA + 1,7)R[A8 = 1,0) — %85 4 H¥EAY) 4 TXPL{—p¥dp)®
2 (ZOO*H'*Z + (7.'),4***?)*(‘.\'&'*&4 - leD)®(a2 -~ 1.0) - -_’in,)

GOINY = G (M) &+ INOLY
WITINY = (BRI*IA/AN)S{EXPi-aWs 3 10 (aa2%3 4 (3, 07/AW)%AA%RT
{OU/ANRRT I R{ARNRLE 4+ 1,0) =~ D "Haa ~ ZOaR(pAp%%D 4
{2,0/AWRED ) R(AYPAA + 1,0} + (HURED — LEA = D ARINE
AAYR{IAEAA — 1NV /A & I0%(uR%) — H¥A)) 3 TXP{-AwEn}#
(=gl = 3, FyER3/an ~ £, Fiagiy 5 1, 0)/Au% 2 4, o O
lan = ZG)IE{O%RD 4 2, 0% (A« 4 [ D)/ANRED) = [H%ED =
HEA = D, RIORAN)S{AWRH 4+ I ,0)/ Ay ~ ZGEIHERD = H#4)))
QIINY = 2T{K) + NI
PRINT 342 No GLIV)e BISIVRAFS
343 FORMAT {54 % = 15s17y4 200y
PRINTY 3544 N 21(%), D1VIN)
344 SNORVAT (54 N = [R9}13u4 Q1{*) = FID a914H Q11(YY = F10e4/7)
349 CONTINUE
1 =1+ 1
RETURN
END

fo TN I TN RN ]

]}

T1dely Y&H ACO(N) = F1Ce&)

SYRROUTINT PQTHRD
COMMON/FIRST/2s %9 Cs Ds Is L SUSVOLs AREAs TOTVOLs VOLSs Hoe CHI

1 Ws e ROEe. S0 AZe AMOM, M

COMMON/ECOND /8Bs 219 Z0s P)is P1s ZGe P22s P29 N2 Ko+ AWs ABs AAs
1 CAs Zs A€y Q%50 Q0 wlle C1

COMMON/+FIFTH/TITLEs HEVLHs HEVLKs HEF, BGs SDARS
1 “JOVERs (7 RFQs RPSis AKH

DIMENSION AZ(Sj3s aMOM{B8)s HMH(R)
DIMENSION aKi{5.3), QNALI5R), LN(3N), 311(57%)s D1({&D)
DIMENSION CFRFQIRND)y IIPSIIKG)s ALHISN)
DIMFNSION TITLT (19}
C SUBROUTINE PCTHRD YIEIDS Pls P2y N2(N)s Q1(N)s (N = 15 ¥) FOP A THIRD
C ORDE R £NN
. 35u AA =2 ZG + H
Z = AZ(1+41)
Ra = 3,14]59%ROC%G /W

P’l = PREJERQU(ZE(rERD/4 .0 + 2% (2, N%n%r/g 0 4 ZR{{p NEaRC o nExoy
¢ 1 767 + ZR(DNEARQ/T,0 4+ 7%2%%5/08,7)))) ~ AAR(rEED/3 A

2. + JRIBRC sD4N & IR({2,NPA%C 4 ORED)/5 D o TR{r¥Q/y D

3 IRpA%RD 1T 4uU)))))

P1 = Pl » P12
P>2 = Rusleysa~ilassx{rexr/c 5 4 Ix(nwr/3,0 4 Il Dea%r 4 AEEy)

64
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/7.0 « Z#{A%0/6,0 + 2#A%#%2/G,0)1))) ~ 2,0% A42#{c#22/4,0
+ Z%®(2,023RC /5,0 + I¥(i2,0%4%C + R¥%2)/6,0 + Z#{2,0%
AR/7,0 4 Z¥A%%D/8,0)))) + AAR#DIR(CHED 4 ZRIR*C/3,0
+ 2ZE({2,nFA%~- 4 QER3) /5 N 4+ ZR{(ARG/3 N 4 Z7RARRES /T () ))))
P2 = P2 + P22
PRINT 323, Pls Pl
323 FORMAT (6H Pl = F10.49

8 NN e

11H P11l = F10.,4)
PRINT 325, 72, F2»
325 FORMAT (6H P2 = F10enhs 11H P22 = F10.,4/7/7)
Z = =H ¢+ AZ2{]l+1)
DD 389 N = 1 K
AW = AX{N}
Z1 = EXPlANRLZ)IE(AWRZ = 1,0)/AWH*2
22 = (2% XP(AWRZY) = 2,0#71)/AW
23 = (Z%#%3EXP(AWRZY = 3,0%#Z22)/Ad
24 v (Z##4%EXP(AN®Z) ~ 4,0%23)/AN
25 = {(ZRASHCXP(AWRZY ~ 5,0%#24) /AW
26 = (ZR¥SRFXP(AWEZ) = £,0%Z25) /7AW

27 = (Z22%7nCXP{AWRZ) = T,0%#26) /7AW
PRINT 352, AKW{N)s AWs CFREQ(M)
3520FORMAT (5X6H kH = F10e44s 5X5H K = F10e4s 8H FT#¥=] 5X

1 13H FREQ:IENCY = F1l0e4s S5H (PS/)
QT0(N) = RBR(p%¥2%76 + D, IRANRRIS 4+ 12, 0¥ANC + R¥#2 %74
1 + 2-0*‘3*(*23 + CREIRZ D)

QIIN} = QJIN} + QOC(N)
211(N) = RSR(ARESR79 4 9 NRARREZ L 4 (2, 0%ARC 4 RE#H)EZ8 4 5,0%
1 RECRIY & (HEART D = IGR{AREDIRT G 4 D, 0RARBEZIE 4
2 (2.0%/%C 4+ RERD)RIG4 4 2 ,NERRCHI] + (HXDIEZ24)
QI(N) = Q1(N) + Q11(N}
PRINT 352, Ny QO(M)s QOO(N)
353 FORMAT (SH N = 5 13H QO(N} = Fl0eb9l4H QOG(N)Y = F10.,4)
PRINT 354s Ns Ql(N)s CGl1(N)
354 FORMAT (SH N = Is13H QGl(N) = F10e4914H Q11(N) = F10.4//)
359 CONTINUE
f =1 +1
RETIURN
END

SUBRQUTINE EQDAMP
COMMON/FIRWT/As By Cs Ds I» L SUBVOLe AREAs TOTVOLs VOLs Hs CHI»

1 Ws Gs ROF, SO, AZs AMOM, HHs ADD
COMMON/SSCOND /BRs Z1s Z0s Plls Pls ZGs P22s P2s Ns Ky AWs AB» AAs
1 CAs Zs AXs Q0Us Q0» Q11 G2
COMMON/THIRD /OQs QRs OMEGAs ARs ZFTAs PSfs XIs EPSILO:
1 UNZETAs 1INPSIs UNX1s ZETAls ZETA2» ZETA3s ZETA4s X13» PSI3

DIMENSION AZ{9)s aMOM(8)s HH(Z)

DIMENSION AK(501s Q00(50)s QO(5C)s G11(50)s Q1(50)

DIMENSION <eTal501s PST(50)s X1(50)s FPSILO(S5Q)s UNZETA(S50)
1 UNPSI(5C)s UNXI(50})

DIMENSION 2cT81850)2ZFETA2(52)92ZFTA3150)92ZFETA4(50)

DIMENSION PSI2(52)s XI3(50)

C SUBROUTINE EQOAMP SOLVES THE DAMPED EQUATIONS OF MOTION (48)s (49)s (50) ON
C PAGE 15 OF NEWMANs *THE MOTIONS OF A SPAR BUOY IN REGULAR WAVES:
U1 T lelwTHIR AWk
UD = ADD -kl %y

xR o

s,

A RPN AT TR 10

i
2
]
3




T = 1eC = (HINAW*IRQQ

S = O 5%A%rwxuna/ (GRROT*OMFGA)

TToWRAWRSIRTHED/ | 4 HGRROEXCHI*H)

Ry = S®(-2,0%P1*UU%UR + 2, 0%GRA%p 4 Doxy(#%y; - QOESEDP1/AW +
1 QQExXIH-AR=2D)

R? = PI##) ~ > L ¥({P2 - PI1/AW + AR¥%%2)
R3 = 2,0%{2,0¥QR ~ P1#QQ)
Wl = S*{2,U*UQ%QR¥O] - AR¥#2#QTR¥) 4 P1*QQE¥)/2w - PORQQ¥®) - 2,0

1 !QR*}?)
Wo oz 24UM(ED - P1sAW 4+ AR®%DY) - P1¥x>
W3 ® D URIGRAP) - UQR(AR®%XD 4 P7 - P1/AwY))
ZETA]1 IS THE <OLJTION OF THE EfQe JITHOUT ADDED MASS
C LrTA2U1) 1o THF SOLVUTION OF THF FQAQUATION #1TH ADDED MASS
ZETALI(I) =T/ %#D4TTRR2 1 #¥% 6§
ZETA2{1) =ADDRT/ (U224 (ADDRTT 1% %0 ) %% 5
C P53 = MAGNITJUDE DF PITCH AMPLITUDE/wAVE SLOPE
PST41) = R3/7(AS%(RO%R) 4 RIFUZEOMEGARED)#%(0,5)
C X1 = MAGNITUDE OF SJURGE AMPLITUDE/#AVE AMPLITUDE
XT{]) ==Aa/ (W %¥%> 4 WINEDXOMECAR®D ) %2, 5
. X1{1) = AQSIXI(1))
ZETAS{II=(Z2FTA2( 1Y #ROMEGARED ) %22
X13.1)1=tX1{1 1 %OMFGA%%D )% %)
PSIZ(1)={PLI {1} ¢A-4)%nD
EPSILC(IY=Aw
QETURN
£ND

7y

SUBROUTINE FQuiNmGM
COMMON/FIRST/As 39 Cs Ds Is Ls >J=VDOLs AREAs TOTVOLs VOLs Hse Chlo
1 #y Cs ROSs SO9 AZs AMOM, HH
COMMON/ LI COND/R3s L1 L0 Plls Ple LG P22 P29 Ns Ks Ans-  ABs AAs
1 CAs 79 AKs GO0 GC» Q11, Q2
COMMON/TAIRD sQQs QRs OMEGAs ARs ZETAs P3519 XIs EPSILO»
1 UNZETAs 1'NPSTs UNX]
DIMENSION AZ{0)s AMONM(8)s HH{ )
DIMENSION AK(50)s QUO(50)s QC(5C)s Q11{(50)s Q1(50)
DIMENSION ZETA{50)s PSI(50)s Xi(5u)s EPLILO(SO)s UNZETAIS0)

I 1 JUNPSI(50), UNXI{(S0)
i C SUBROUTINE FUWUNDM SOLVES THF JNDAMPED FWUATIONS OF MOTION (34)s (35)s (38)
| C ON PACE §3 OF NEWMANs tTHE MOTIONS OF & SPAR BUOY IN REGULAR WAVES!?

3 385 UNZETA(]) = (140 = CHSRQQ¥AWRH) /(1,0 = CHI®AWHH)
$ C UNZETA = UNDAAPFD MAGNITUNE OF HFAVE AMPLITUDE/WAVE AMPLITUDE TrORMJULA (34)
B UNPST(I) z=2¢n*(Py®QQ = 2, 0%¥CR)/IAWER{2,0%(P> 4 AR®%> - Py/aAwy) -
e 1 P1#x2))
: C UNPS] = UNDAVPED “AGNITUDE OF PITCH AMPLITUDE/WAVE SLOPE FORMULA (36)
: UNXT(]) =-2,0%(Pi®GR = QQ*¥ (P2 + AR®®Z — PI/AWIV/(2,0%(P2 & AR%%
) 1 - P1/AW) - Py#x))
UNXI(I) = ARS(UNXI(1}))
C UNXI = UNDAMPE[ MAGNITUDE OF SURGE AMPLITUDE/#AVE AMPLITUDE FORMULA i35)
1 . RFETURN
1 END

SURRQUTINF PReCAL .
DIMENSION 4(50s BeRIBUIs PHE(RD) s P(RO)s THETA(S)
6232. 14

XA

P P DR AAN i d ' b ldi it bieduli

Hi Ao




ey

i
§
£
¢
1
i

P1=3,141%59
RFAD10s RHLDEL
10 FORMAT(2F 104,41
READYIsLo? o
1 FORMAT(211v)
READ29 {THITAL Tiel=1yL)
2 FORMAT(8F1045"
READ29(2(J)sJ=1eM)
D03 (=1slL
PRINT??
77 FORMAT(1HY)
PRINTS4sTHETATY)
54 FORMAT(® THE ~NGLE OF THE ORIENTATION = #sF7.59% RADIANS®/}
D04 J=1eM
PRINTSSy Z(J)

550FORMAT(//3Xs% THE DISTANCE FROM THE FREE SURFACE = #9F10,5+% FEETH*

i)

D05 K=1+i

REKRIKi=DEL®{FLOAT(K})

ALPA=COS(THETa(1Y)

RAT=2.,*BKR(K) :ALP4

BUNE=SCRT{J.,+QAI#%))

AM=BKR{K ;#(J} /R

P(K)=ZXP(AM) ®aUNE

PHEIK)Y=ATAL{Bal)

P 1S NON-DIMENSIONALIZED DYNAMIC PRESSURE=P/RHO®RG#A
5 CONTINUF

PRINT 13020

1000 FORMAT(//15Xs#NOe®* 917X s #KR#%912Xs#P/RHO eG4 A% 99X #PHASE ANGLE#*/)
DO100 K=1N

ivC PRINT99s K» B¢RI(K)s P{(K)s PHE(K)
96 FORMAT(8Xs110+3F20e4/)
4 CONTINJE
3 CONTINUE
RTTURN
FAD

C

SUBROUTINE RRESON

COMMON/FIRST/a» B C» Do I9 L SUBVOL? ARFEA» TOTVOLs VOLs Hs CHIo

1 Ws Gs ROEs SOs AZs AMOMs HH

COMMON/SECOND /BBs Z1ls Z0s» Plls Pis ZGs P22s P29 Ns Ks AWs ABs AAs
1 CAs 2Zs AKs QNOs QDs Q1ll1, G1

COMMON/FTFTH/TITLEy HEVKH» HEVKs HEF, BGs SQARS
1 MOVIRs CFRFQs RPSI,s AKH

DIMENSION Z{7)» AMOM(B8)s HHIB)
DIMENSION CFRQ(50)s RPSI(50)s AKH(50)

DIMENSION AK(0)s QO0{5C)s QO(50)s Q11(50js Q1(5C)
DIMENSION TITLE (10}

C SUBROUTINE RRESON YIELDS RUDNICK RESONANT FREQUENCIES FOR THE BUOY
PRINT 1s TITLE

1 FORMAT (1H1» 34H PUDNICK RESONANT FREQUENCIES # 10A8////7})
PRINT 3

3 FORMAT (16H HEAVE RES INANCE//)
PRINT 7+ HEVKHs HEVKs HEF

TOFORMAT (7K KH = F10e49 10X6H K = F10e4s 8H FT¥*®=] 10X6H F

E 3

R 5 B4 L R DA AT it
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N bR

o
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b b 1A 5 n Ry ; S
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LR ART A bes Sk e A




F&umhhw¢.xmwwmm

1 F13e4» S5H (°S///71)
PRINT 10
1V FORMAT (16H PITCH RESONANCE//)

PITK = Pi/(P2 + SQAR)
PITKH = PITK#*N

= FlOebs

BH FT%*%~] 10X6H F =

PITF = (PITK®G)#%0,5/17,0%3,1415G};
PRINT 15y PIT«Hs PITKs PITF
ISOFORMAT (7H KH = F10.,4s 10X&d K
1 F1O0e4s SH CPS///77)
PRINT 26
P FORMAT (28H THERF 15 NO SURGE k7 SONAMCE)
RFETURN
END

SUBROUTINME RMOT

COMMON/FIRoT/as 89 (o Ds Is Ls LURVOLS AREAS
1 Wes G
COMMON/SECONC sBBs Z1s Z0s Plls Pls 2Gs P22s P2s N» K»

ROZs 509 AZs AMDM, HHM

1 CAs Zs A;s QUJs Q0y Q11 Q1

COMMON/THIRD *QQs QR»s OMEGAs AR»s ZETAs PSIs XJo EPSILO
1 UNZFTAs 'NPSI, UNXT
COMMON/FIFTH/TITLEs HEVKns HEVKs nfFs BGs SQARS

1

1

MOVERs CFREUs RPSIs AKH
DIMENSION AZ(7:)s AMOM(B)» HH(R)
DIMENSION /K(=0)s 200G(50)s GU(sCy»

Awns ABs AAs

@G11(50)» Q1(50)

DIMENSION <ETA(50), PI1(50)s Xf(5U), FPSILO(50C) s UNZETA(5D)

UNPST150)y UNXI(50)

DIMENSTOM CFREQ(50)s RPSI(50}s AKH{50)

DIMENSION TITLF (10)

C SUBROUTINE RMD1 COMPUTES MOTIONS OF THE BUOY USING RUDNICK METHOD

1 FORMAT (1H:,

30FORMAT

SIFORMAT (SA5H ng"i0 3X7H 0.0000

15

1

1

PRINT TITLF

21H PUDNICK MOT1I10ONS

'S

PRINT 3
17X 4KH 7X1HK

*

8X17HFREQUENCY (CPS)

10A877/7)

4X]10HMAG ZETA/A 6X

9H MAC X1/A 7X 10HMAG PSt1/Kkazs77)y

PRINT 5

8X TH 0eN000 13XTH 1,n0000 8X

TH 1.200A BXTH-1,0000/)
IF (MOVER - 1) 7, 15, 15
7 PRINT 8
8 FORMAT (35H EXIT PMOT STEP 8 MOVER LESG THAN 1)
CALL EXIT
CONTINUF
DO 25 1 = 1, K
RPSI(])Y =

18
25

{(2.n%Q1(1) ~ P1*QO(1;)/(AK(T1*(P2 4+ SQAR-

Pi1/aK i1y ))

PRINT 18s AKH(I)s AK(I)s CFREQ(I)» UNZETA(I)s QO(I)s RPSI(])

FORMAT (F1Ue2s F10e&s F15e4s
CONTINUE

RETURN

END

5X3F15e4/)

TOTVOLs VOLs He CHI>»
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(Y4}

(V1]

AKHIT )

WAYE NU4RER TIMES DRAFTs KH (FT)
FORMAT(8F1v &)

8/K CARDS = 8 KHsS PER CARD

AR

RADIUS OF SYRATION OF ACTUAL MASS (FT)

FORMAT{2F1Ue4

1 CARD

MOVE « MOVER

NUMBFRS TFLLING MAL:INT xHICH COMPUTATIONS TO PERFORM, (SEE NO.
369 )

FORMAT(2110)

1 CARD

ADD

THE ADDED MASS COEFFICIENT = THE RATIO OF REAL MASS AND TOTAL
MASS

1 CARD

L2RFS

NUMBER TFLLING MACHINF WHETHER TO COMPUTE PRESSURES
SFE NOe. 59V

FORMAT{11v)

1 CARD

g% FNR PRESSURF CALCULATION #&s

lv

11

12

13

Re+NEL

MAX RADIUS OF MODEL(FT)s INCRFMFNT OF KR VALUE
FORMAT(2F1v,4)

1 CARD

LeMsi

NUMBER OF ORIFNTATIONSSNUMRFR OF DFPTHSs NUMRFR OF KR VALUFES
FARMAT(311U)

1 CARD

THETA(I) (ImlsL)

ANGLE OF ORIENTATIONS (RADJIANS )
FORMAT(3710,8)

L/8 CARDS

20J) (InleM)

DISTANCES FROM FREE SURFACE (FT)
FORMAT(8F13,5)

M/8 CARDS

# THIS 1S THE LAST DATA CARD
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APPTNNIX R —== A SAMPLF PRCRLFM =--

C SAMPLE PRNORLEM INPUT rATA

INIFL &4 CONF BOTTHM (2 \n FXP,)

2 22415 19267
1 ? e?5
2 1 %
5
or) 10" 1.(-‘)
o642
3 3
e 78
e« 1R75 P |
2 ? 1V
OU 1.57‘:3 1..11‘1‘-‘9
0125 -1.4523

11,74

«1875

o791
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ATINC -
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1aint=
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AONINARING
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™

MUEL Lnaraliteisii(s o MQUEL A CUNE 3S1TUN (2 ND_EXPe)

B NUMHER 07 SECTIUNS = 2
DRAFT = leb790 FT

: wEIGHT = 11.7800 Lo = «0053  LONG TONS

E DISPLACED voLimE = 01892 FTeay

3 VERTICAL PRISMATIC COEFF;CLENT a Ccnj = *9113

;

; HEIGHT OF CENTER OF GhAV]TY ABOVE UASE = *7900 Fl
HEIGHT OF CENTEk OF BLOYANCY ABOVE BASE = 1,021  t7

g RADIUg OF GYRATION (ACTual MASS) = «64200000 A

rrwe

ACCELERATION CF GRAVITY = 3201300 FT/SECea2

T oF

kaDIUs UF GYRaTION (UISpPLALED MASS) = 1 T
:
3 RADIUS UF GYRATION aBUOUT C (ACTUAL MASS) = 1
" DENSITY OF FLily = 109367  LB-SECe®z/FTea,

A g
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THE ANULE OF TrRE QrIEnTATIUN 3 RAVIANS

trie DIST.NCE FrOm TLE FREE SUNFACE @ ~o12500 FEET

o, AR P/RHVeVeA
' 1000 09940
2 «2000 29426
3 «3V00 09948
. +4000 <9809
5 «5000 : 1+0133
6 6000 1.0471
7 «7000 1.0789
3 <8900 1s1069
9 «9000 10130)

10 1.0000 1.1489

vt DIcTAeCE rHum THE FREE SUNFACE =  =l.65030 FEET

0, AR P/RHUOeA
1 «1V00 e 4085
2 «2002 02673
3 «3000 ell3l
) *4V00 2057}
s *5V00 ¢ 028Y
6 «6V00 e0le7
7 +7V00 007
a3 »8U00 «0037
> «9V00 20019

10 1.0000 +0009

A A o e o T S

PHASE ANGLE
1974
« 3005
09404
00747
« 7654
0761
« 9305

1.0122
100037
1.4071

PHASE ANGLE

ol T4

#3805
e 3404
8767
o 1854
eclel
« 9505
1.9122
1.0037

1.1071
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THE ANWLE OF Tne ORIENTATIUN = 1,57080 RADIANS

!
. 1AL DISTuNCE FROM T4 FREE SUNFACE = =412500 FEET ‘
TV KR P/RHUVeA PHASE ANGLE
1 «1V00 09355 e UU00
2 02900 +8752 . 0000
3 #3000 «8187 «s0000
& 400 o T65y -sv000
5 «SU00 07165 -eUU00
6 e6V00 «6733 -ev000
. 7 e 7000 06cT7} ~eUV00
2 e8u00 *5800 -eull00
’ 9 o9v00 eSS4ty -, U000
1n 1.0v00 e513e e U060

THe DISTANCE rro% THE FREE SUNFACE o =1.45030 FLET

i U, AR P/RHOeV.A PHASE anolLE
% | e1v00 . 45%e =000

2 e2VU0 2111 -ev000
1 3 «3000 20%70 0000
i ‘ 4000 <0446 -+0000
I 5 #5000 +0£95 =e5000
! 6 *6900 *0094 e L000
é ' ? «7V00 +00a3 «s0000
? 8 «8VU0 «00<0 ~e 0000
: ‘ 3 e9v00 000y ~eV09D
% 19 1.090C +000e -, U000
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THE ANULE OF (nE ONIENTATIUN = 2:1918¢ Raulans

THE DISTavCE PHOm THE FREE SUNFACE o
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w N
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it DleTanCE

\1Y

1

10
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«3000
24U30
«5000
«6000
7000
«8300
9000
1.0V00

From TuE FREE SUMFACE o

SR
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«2000
«3V00
«4000
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P/RHU, 1.4
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